This study explored (a) whether postischemic accumulation of calcium in hippocampal neurons pre cedes or occurs pari passu with light microscopical signs of delayed neuronal necrosis, and (b) whether calcium initially accumulates in dendritic domains, presumed to have a high density of agonist-operated calcium channels. Tr ansient ischemia of lO-min duration was induced in rats, and the animals were studied after I, 2, 3, and 4 days of recovery. We measured total calcium and potas sium contents in the stratum oriens, pyramidale, ra <iiatum, and moleculare of the CAl and CA3 sectors, using particle induced x-ray emission (PIXE) in the proton microprobe mode. The results showed significant accumulation of calcium and loss of potassium after 3 and 4 days of recovery in the CAl sector, which developed
It has been widely assumed that calcium is an important mediator of cell damage in ischemia and other adverse conditions. The calcium hypothesis of cell death, originally proposed to explain cell ne crosis in the ischemic heart (Fleckenstein et aI., 1974) and the dystrophic skeletal muscle (Wroge mann and Pena, 1976) , assumes that the plasma membrane becomes unduly permeable to calcium and that influx of calcium raises the internal, free calcium concentration to the point where AT P driven transport becomes energetically wasteful and mitochondria become overloaded with calcium (see also Schanne et aI., 1979; Faber, 1981; Tr ump et aI., 1981) . In ischemia, such overload could occur during the insult, provided that some flow neuronal necrosis, but not in the CA3 sector, which showed only occasional damage. In a few animals, cal cium accumulation (and loss of potassium) was observed with no or only mild visible damage, but in the majority of animals the accumulation of calcium correlated to signs of neuronal necrosis. Since calcium accumulation was similar in all strata examined, the results failed to reveal preferential accumulation in dendritic or somal re gions. Based on our results and those of Dux et aI. , we emphasize the possibility that delayed neuronal death is, at least in part, caused by increased calcium cycling of plasma membranes and gradual calcium overload of mi tochondria. Key Words: Cerebral ischemia-Calcium Potassium -PIXE-CA 1-Hippocampus -Rats.
persists to deliver additional calcium, or it could represent a recirculation phenomenon.
The hypothesis of calcium-related cell death has been invoked to explain neuronal brain damage in ischemia, hypoglycemia, and status epilepticus (Siesj6, 1981 (Siesj6, , 1988 Meldrum, 1983; Raichle, 1983; Siesj6 and Wieloch, 1985) . The hypothesis differs in two important respects from that proposed for other tissues. First, since the blood-brain barrier is only sparingly permeable to calcium (see Katzman and Pappius, 1973; Bradbury, 1979; Murphy et aI. , 1986) , one has to assume that, at least for insults of relatively short duration, the calcium load of en ergy-depleted cells is essentially limited to the cal cium that is contained in the extracellular fluid of the tissue. Second, since neurons in the brain differ markedly in terms of their sensitivity to anoxia, one would have to assume (granting that the calcium hypothesis is valid) that selectively vulnerable cells contain a high density of calcium channels (e. g. , Siesj6, 1981) . In the light of recent research (see Fagg, 1985; Miller, 1987; Mayer, 1987) , it would seem more likely that such hypothetical "preferen tial" calcium channels are made up of agonist operated postsynaptic channels, particularly those gated by the N-methyl-n-aspartate (NMDA) type of excitatory amino acid receptors (for literature re view, see Siesjo, 1987) . However, if this is so, one would expect calcium influx to occur mainly in the dendritic regions where such channels abound.
While it has been recognized that anoxic damage to cells in culture can be incurred without a pre ceding rise in cytosolic calcium concentration (Cheung et aI., 1986) and concluded that cellular calcium accumulation is an unspecific epiphe nomenon of irreversible cell injury (Hossmann et aI. , 1983; , the hypothesis of calcium-related neuronal damage remains viable (Ames and Nes bett, 1983; Choi, 1987) . We have raised the ques tion of whether calcium accumulation ("overload") can be made responsible for delayed neuronal death following transient ischemia. Dienel (1984) estab lished that the calcium content of the hippocampus increased during the first 48-72 h after the ischemic insult, i.e., at a time when morphological signs of cell damage had been reported to occur in a pre vious study from the same laboratory (Pulsinelli et aI., 1982) . Since the results did not reveal whether calcium accumulation preceded loss of viability or merely occurred as a result of it, we restudied the problem, using separate animals for measurements of tissue calcium content (CAl sector of the hippo campus) and assessment of cell viability by light microscopical (LM) criteria (Deshpande et aI. , 1987) . The results demonstrated that some calcium accumulation occurred before extensive signs of neuronal necrosis appeared. On the basis of these results, it was hypothesized that ischemia induces an increased rate of calcium cycling across slightly leaky cell membranes and a rise in cytosolic cal cium concentration, with gradual calcium overload and eventual cell necrosis.
In the present work, we used a similar experi mental paradigm to study calcium accumulation and cell morphology as functions of recirculation time following 10 min of ischemia. The analytical technique used for this purpose was PIXE (par ticle-induced x-ray emission; Johansson and Jo hansson, 1976 ) with a proton microprobe (PMP). This is an adequate method for microanalysis of bi ological material (Malmqvist, 1986) . The sensitivity of the technique makes it possible to measure the calcium concentration (as well as other elements, e. g., potassium) in a few minutes with a spatial res olution that easily discriminates between the dif ferent regions of interest. Thus, the PMP allowed J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 analyses of both somatic and dendritic domains of hippocampal pyramidal cells, as well as compar isons between the CAl (vulnerable) and CA3 (more resistant) regions. The analysis with the PMP was made on tissue sections; therefore, it was possible to use alternative sections for histology.
Part of this study has been presented in prelimi nary form elsewhere (Martins et aI. , 1987; Themner et aI. , 1987) .
MATERIAL AND METHODS
Male Wistar rats weighing 300-350 g were used (M�llegaard's Breeding Center, Copenhagen, Denmark). The animals were given commercial pellet food and tap water until the experiment. The animals underwent 10 min of reversible cerebral ischemia, and brains were frozen in situ after recirculation periods of I, 2, 3, and 4 days. Sham-operated animals without induction of isch emia served as controls.
Experimental groups
The animals were divided into five groups as follows (Table 1) : sham-operated, eight animals; those under going ischemia followed by I day of recirculation, 10; fol lowed by 2 days, 11; followed by 3 days, 10; and followed by 4 days of recirculation, four animals.
Operative procedures
The ischemia model used in this study was the one de scribed by Smith et al. (1984) . The animals were fasted overnight before the day of the experiment although al lowed free access to tap water. Anesthesia was induced by inhalation of 3.5% halothane in a mixture of NP and O 2 (2: 1). After intubation with a polyethylene tube (Intra medic PE 240, Clay Adams), the animals were connected to a mechanical ventilator. A midline incision of the neck was performed, and the animals were subsequently para lyzed by suxamethonium (Celocurin, Vitrum AB) via an injection into the jugular vein (approximately 4 mg/kg). Anesthesia was maintained with 0.7% halothane in N 2 0 and O 2 (2: I) during the operation. Both common carotid arteries were exposed, and loose threads were placed for subsequent occlusion. A flexible silicone catheter (Dow Corning Silastic) was inserted into the vena cava via the jugular vein for withdrawal of blood. One tail vein and the artery were cannulated (Porte x PE 50) for injection of drugs and monitoring of various physiological param eters. A rectal thermometer was inserted to monitor the body temperature, which was kept near 3rc. Electroen cephalogram (EEG) needles were inserted into the tem poral muscles on the skull. Following these operations, halothane was discontinued, and the rats were allowed to recover for more than 30 min. Suxamethonium was added intermittently. Heparin was administered to avoid coagulation. Physiological parameters were obtained be fore initiating ischemia and 15 min after initiating recircu lation. Samples were analyzed for blood gases on a Combi-analyzer (E. Eschweiler U. Co. , Kiel, West Ger many), for blood pH on a pH meter (Radiometer, Copen hagen, Denmark), and for blood glucose on a glucose an alyzer (Beckman Glucose Analyser 2). The values are means ± S. E.M. MABP = mean arterial blood pressure.
Induction of cerebral ischemia
At the end of the steady-state period, reversible cere bral ischemia was induced by a combination of bilateral carotid artery clamping and hypotension. Hypotension was induced by bolus infusion of trimethaphan (Arfonad, Hoffmann-La Roche, Basel, Switzerland; 4-5 mglkg). The carotid arteries were clamped bilaterally, and blood was withdrawn from the vena cava to maintain the MABP at 50 mm Hg during the ischemia period. The EEG was monitored prior to, during, and after ischemia. Isoelectricity of EEG was considered as the onset of isch emia. Ischemia was continued for 10 min and terminated by reinfusion of the shed blood and removal of the ca rotid clamps. To counteract the systemic acidosis, 0.7 ml of a NaHC03 solution (50 mg/ml) was administered i. v. After reappearance of EEG and signs of spontaneous breathing, the animals were detached from the ventilator. They were then extubated and placed in cages with free access to food and water.
Handling of tissue samples
The animals were frozen after a designated interval ac cording to the experimental grouping. The procedure em ployed was described by Ponten et al. (1973) . Briefly, the animals were anesthetized, tracheotomized, and immobi lized by tubocurarine chloride (0. 6 mg). The dorsal skull was exposed, and a plastic funnel was placed in the skin incision. Halothane was discontinued; after a free in terval of 20 min, a low dose of halothane (0.7%) was re sumed, and the brains were frozen in situ by liquid ni trogen. The brains were subsequently removed and stored in the deep freezer at -80°C until further pro cessing.
Sample preparation
The frozen brains were sectioned (20 IJ-m) in a cryostat at -20°C. The slices were put on polycarbonate foils (Kimfoil), mounted on circular sample holders, and freeze-dried for 12-16 h at 10-2 torr. The temperature in the freeze-drier was kept at -40°C during the first few hours.
Parallel 6-lJ-m-thick sections adjacent to those used for PIXE analysis were cut from the frozen brain at -20°C, fixed in ethanol-formalin, and stained either with Mayer's hematoxylin or with celestine blue-acid fuchsin. Histo logical evaluation was made in both irradiated samples and parallel sections, and a count of acidophilic (pyra midal) cells was made by light microscopy.
Analyzing procedure
The PMP analyses were performed with 2.55-MeV protons from an electrostatic tandem accelerator (Pelle-tron 3UDH). By collimation and focusing of the beam with two quadrupole magnets in a doublet configuration, a beam size of approximately 20 x 20 IJ-m 2 was obtained. The beam was not scanned during the analysis, so, in order not to deteriorate the sample, the proton beam in tensity was limited to a few pA/lJ-m 2 , i.e., a proton cur rent of 1.0-1.5 nA. The charge accumulated in each anal ysis was 0.2 IJ-c. The samples were viewed with a light microscope, and the beam was positioned at the different regions of interest by moving the target with stepping motors.
For the detection of the x-rays produced in the sample a Si (Li) detector (active area, 60 mm 2 ) mounted at an angle of 135" relative to the beam direction was used. A silicon surface-barrier detector (active area, 25 mm 2 ) mounted at an angle of 160° was used for detecting the protons elastically backscattered from the sample.
The evaluation of the x-ray spectra was made by a peak-fitting program and a sample thickness correction program that corrects for changes in x-ray production due to proton energy loss and x-ray self-absorption. The measurement of the total areal mass density (mg/cm 2 ) for each irradiated microspot was made by detection of the elastically back scattered protons (Themner and Malmqvist, 1986) . The determined areal mass density was used for normalization.
The uncertainty (1 SD) stated for the mass fraction is the squared sum of the statistical uncertainty in the number of detected characteristic x-ray events plus 7%, which is the estimated uncertainty for the quotient of the areal mass density of the element of interest determined by PIXE and the total areal mass density.
RESULTS
Ta ble 1 shows physiological parameters in the five groups of animals studied. The animals were normothermic and normocapnic. They had arterial P02 exceeding 90 mm Hg, Pco2 and pH in the normal range, blood pressure exceeding 120 mm Hg, and normal plasma glucose concentration. In the 96-h recovery group, one aberrant value was recorded. Figure 1 illustrates the two hippocampal regions analyzed in terms of calcium and potassium con tents. In nine additional rats (two controls, two with 1 day, three with 3 days, and two with 4 days recovery), measurements were also made in four more medial fields, covering the medial CAl and the subiculum region, and one more lateral CAl field, close to the border of CAl and CA3. Since the data obtained in these fields were identical to those collected in the single standard field depicted in Fig. 1 , all data were derived from that region.
Calcium and potassium concentrations of four layers in the CAl field are shown in the staple dia grams of Fig. 2 . For comparison, the figure also de picts the corresponding concentrations in the pyra midal cell layer of the CA3 region. In the CAl fields, the calcium concentration appeared to rise moderately during the first 2 days of recovery, with stratum oriens showing the largest change; how ever, none of these changes were statistically sig nificant. After 3 and 4 days, the increases were larger and statistically significant. Notably, with the ..
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Days of recirculation possible exception of the molecular layer, calcium accumulation was similar in all regions, i.e. , in oriens, radiatum, and the pyramidal cell layer. In the CA3 sector, the calcium concentration re mained unchanged. Figure 2B shows that calcium accumulation was accompanied by loss of potassium. In general, though, since the normal concentration was high and the variability between animals relatively large, changes in the potassium concentration did not reach statistical significance in the molecular layer.
In order to establish whether calcium accumula tion preceded or followed the appearance of mor phological signs of cell necrosis, alternative sec tions were evaluated blindly. The results were graded as follows: 0, no damage; 1, <5% acido philic cells per section; 2, 5-10%; 3, 10-50%; 4, 50-90%; 5, >90%. Cell damage was separately evaluated for the subiculum, the CAl sector, the CA3 sector, and the hilus of the dentate gyrus. In the hilus of the dentate gyrus ("CA4"), two an imals showed slight damage after 1 day; all except one animal showed moderate damage after 2 days. Prolongation of the recovery period did not bring about more extensive cell necrosis. This time course and the number of CA4 neurons affected concorded with the findings of others (Kirino, 1982; Pulsinelli et aI. , 1982) . No animal showed CA 1 damage after 1 day of recovery. Four animals showed cell necrosis after 2 days; however, three of them had only a few necrotic cells while the fourth had grade 3 damage. After 3 days, half of the an imals showed CAl damage; of these, three had ex- tensive cell necrosis. Very few animals showed damage to the CA3 sector. Clearly, it was essential to find out whether an imals without signs of CAl damage showed raised calcium concentrations. Figure 3 illustrates indi vidual calcium concentrations in the pyramidal cell layer of the CAl region in control animals and in ischemic animals with no signs of neuronal damage, with only grade 1 damage, and with more extensive damage. The arrows indicate animals in which the CAl sector showed no damaged cells while the su biculum showed a few. The lines drawn are the ranges of the control material. The results clearly demonstrate that the animals with extensive damage to the CA 1 sector also had high calcium contents. Somewhat increased contents were also found in animals with only grade 1 damage and in some animals devoid of visible cell damage. This 
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Days 01 recirculation would suggest that membrane dysfunction precedes light microscopical signs of cell necrosis. Similar conclusions could be drawn from variations in the potassium concentration, but the results were more equivocal (data not shown).
Although this general conclusion appears justi fied, the results obtained in the CA3 sector are more difficult to interpret (Fig. 4) . Thus, some an imals without visible damage had calcium contents somewhat outside the range of control values. Fur thermore, three animals with grade 2 damage (5-10% necrotic cells) had normal calcium con tents. We tentatively conclude that these results re flect the patchy occurrence of cell necrosis in the CA3 sector, this being in contrast to the more uni form reaction of the cells in the CAl ribbon.
An additional question was posed: granting that calcium accumulation occurs, what cellular do mains are involved? In order to respond to this question, we compared the relative increase in cal cium content in all animals with calcium contents outside the outer range of normal values and looked separately at animals with mild (grade 0-1) and moderate to marked (grade 2-5) damage. The re sults revealed that calcium accumulation was sim ilar in the oriens, pyramidal cell layer, and radiatum and possibly somewhat less pronounced in the mo lecular layer. In general, though, the results demon strated that calcium accumulated similarly in soma and in apical and basal dendrites .
DISCUSSION
Before discussing results obtained in the present study, we wish to discuss some facts about calcium 15 ;.. 10 ... metabolism in pathological states such as ischemia.
Dense ischemia leads to a marked reduction in the extracellular calcium concentration (Ca 2 + e ) (Nicholson et al., 1977; Hansen, 1985) . It is reason able to assume that the extracellular calcium enters cells and raises Ca 2 + i, i. e. , the free cytosolic con centration. Any such increase in Ca 2 + i will, pre dictably, cause accumulation of calcium in mito chondria once the membrane potential is restored or AT P production is resumed (see Rasmussen and Waisman, 1983; Carafoli and Sottocasa, 1984) . In confirmation, application of the oxalate-pyrianti monate technique to recirculation following tran sient ischemia has revealed calcium precipitates in mitochondria (van Reempts et al. , 1984; van Reempts and Borgers, 1985; Simon et al. , 1984; Dux et al. , 1987; see Griffiths et al. , 1983 for com parable data on seizures). However, since the cal cium load represented by the extracellular calcium is f>mall (about 300 f.LM), re-export of the calcium accumulated should not cause irreversible mito chondrial damage, unless the extracellular calcium enters at "hot spots" where calcium channels abound. This does not seem to be the case. Thus, a recent study, in which the oxalate-pyriantimonate cytochemical method was used to localize calcium precipitates at the electron microscopical level, demonstrated that the accumulation of calcium during the first 5-15 min of recirculation, following 5 min of ischemia in the gerbil, was similar in CAl neurons, CAl glial cells, and cortical neurons (Dux et al., 1987) . These results strongly suggest that the preferential damage to CAl neurons was not re lated to instant calcium overload at hot spots such as CAl pyramidal cells dendrites and that one cannot readily attribute the susceptibility of these cells to a particularly high density of calcium channels.
Since calcium does not readily pass the blood brain barrier, it is hardly justified to discuss the ini tial shift of calcium from extra-to intracellular fluids in terms of "calcium overload. " This conclu sion is corroborated by results showing that the total tissue calcium content does not rise in the minutes and hours following transient ischemia of a duration that will, at a later stage, cause dense neu ronal necrosis (Dienel, 1984; Hillered et al., 1985; Deshpande et al. , 1987) .
The present study is not concerned with the ini tial calcium load but asks the question whether the delayed neuronal death is due to an initial mem brane damage in vulnerable cells, allowing in creased calcium cycling, a rise in Ca 2 + i, or a gradual calcium overload. This question is based on the theoretical reasoning of Rasmussen and J Cereb Blood Flow Metab. Vol. 8. No. 4, 1988 Waisman (1983) who point out that such membrane dysfunction can give rise to true calcium overload of mitochondria after a delay of several or many hours. In studying this problem, we assumed that an increased calcium content in the mitochondria will be reflected in an increased total cellular con tent. This seemed a reasonable assumption since the mitochondria represent a high-capacity calcium sequestration system. Calcium accumulation following transient isch emia in rats has previously been studied with the oxalate-pyriantimonate technique (Simon et al. , 1984; van Reempts et al. , 1984; van Reempts and Borgers, 1985) . All these studies demonstrate that recirculation after transient ischemia is accompa nied by the expected appearance of calcium precip itates in neuronal mitochondria. One of these studies (Simon et al. , 1984) is not relevant to the present results since it employed 30 min of isch emia in fed rats, i.e., an experimental paradigm that gives rapid deterioration of metabolism and struc ture during recirculation (see Nordstrom et al. , 1976 Nordstrom et al. , , 1978 . The other two studies are more rele vant since the experimental protocols were similar to our protocol, but the study by Dux et al. (1987) in gerbils is even more pertinent since it addresses the question of delayed calcium accumulation as well.
In comparing our results with those of Dux et al. (1987) , the advantages and limitations of the methods used must be appreciated. The oxalate pyriantimonate technique has the advantage that it examines intracellular calcium distribution. How ever, as repeatedly emphasized by others, it is sub ject to diffusion-redistribution errors, and it cannot give quantitative information on calcium content. It has also been emphasized that the appearance of calcium precipitates does not necessarily reflect calcium accumulation since they can arise by struc tural changes of calcium-binding molecules (Hillman and Llimis, 1974) . Some critics go so far as to consider the technique as inherently unreli able (Somlyo, 1985) . Harsh criticism may not be justified since the technique probably adequately reveals accumulation of calcium in membrane-con fined spaces such as mitochondria.
The PIXE technique has the advantage of being quantitative, measuring total tissue calcium con tent. When used in the microprobe mode, it also allows good anatomical resolution, making it pos sible to distinguish between, e. g., dendritic and soma domains or CAl and CA3 regions. However, it cannot distinguish between glial and pyramidal cells or resolve intracellular differences in calcium content. Nevertheless, we feel that we can combine the information from the present study and that re ported by Dux et al. (1987) when attempting to re spond to the main questions posed in the introduc tion.
The present results demonstrate similar eleva tions of calcium content in stratum oriens, pyrami dale, and radiatum, with a somewhat less conspic uous accumulation in the molecular layer. It is diffi cult to exclude that calcium, once having entered the cell, is distributed by diffusion and convection (see Abercrombie and Hart, 1986; Baker and Um bach, 1987) . However, since such intracellular translocations (e.g., between apical dendrites and soma) are probably slow, it is of interest that the present results fail to demonstrate a "preferential" site of accumulation. The results are evidently compatible with entry of calcium through mem branes of both apical and basal dendrites and soma.
When designing the present experiments, we asked the question, does calcium accumulation precede or follow cellular alterations reflecting irre versible injury? This question is difficult to respond to. Clear increases in calcium content were found in a few hippocampal specimens in which signs of necrosis were lacking. Furthermore, in some others, the calcium content of CAl neurons was in creased when damage was found in subic ulum cells only. These results seemingly confirm findings suggesting that the postischemic increase in cellular calcium content is not just an accumula tion occurring in devitalized or necrotic cells (Deshpande et aI., 1987) . However, the issue is somewhat blurred by the finding that marked cal cium accumulation was only found in specimens with LM signs of cell necrosis and by the range of postischemic calcium values found in the "resis tant" CA3 sector. Do these findings invalidate the "calcium hy pothesis of delayed-neuronal death" as discussed by Deshpande et al. (1987) ? We suggest that they don't. We base our conclusions on the results ob tained in this study and on the data reported by Dux et al. (1987) . Dux et al. found a second rise in mitochondrial deposits in CAl neurons beginning after 6 h of recirculation. The results published in their Fig. 2 give the impression that the calcium up take index progressively increased during recircu lation. There was ultrastructural evidence of cell in jury, but that seemed confined to the deposit-laden mitochondria. Thus, these findings are entirely compatible with the hypothesis of increased cal cium cycling and of gradual calcium overload of mitochondria (Deshpande et aI., 1987) .
Although qualitative, the calcium precipitate technique may be better suited to detect accumula-tion of calcium in neuronal mitochondria than the PIXE technique, which, although quantitative, has the disadvantage that it measures the whole cell calcium content, including that in glial cells, plus extracellular calcium. Mitochondrial accumulation may be too small a part of the whole to be detected, unless it is very pronounced. However, the results obtained with the two techniques are complemen tary. We maintain, therefore, that the present infor mation supports the possibility that delayed neu ronal death is, at least in part, caused by an in creased membrane leak for calcium.
